A bilayer oxygen permeable membrane consisting of hierarchically porous Ce 0.9 Gd 0.1 O 1.95 -(La 0.8 Sr 0.2 ) 0.95 MnO 3-δ (GDC-LSM) support and dense GDC-LSM film has been fabricated by a combined freeze-drying tape-casting and screen-printing method followed by co-sintering. Two dimensional (2D) SEM-BSE and reconstructed three dimensional (3D) XCT images indicated that the porous GDC-LSM support (870-µm-thick) contains graded straight pores with low tortuosity factor, promoting fast gas diffusion in the support, while the dense GDC-LSM film with a thickness of 30 µm provides a short path for the bulk transport of oxygen ions and electrons.
Introduction
One third of total CO 2 emissions in the US comes from the combustion of fossil fuels in power plants and needs to be harnessed by carbon capture and sequestration to reduce its impact in the environment [1] . Both the pre-combustion (O 2 separation from air) and post-combustion (CO 2 separation from exhaust gas) methods require capital-and energy-intensive gas separation units. In contrast, mixed ionic-electronic conducting (MIEC) oxygen permeable membrane (OPM) technology holds the promise to reduce oxygen production costs by ~30% [2] , and thus offers a potentially cost-effective method for pure oxygen production process. An important method to utilize OPM in the combustion process of fossil fuels is the oxy-fuel process, in which the feed side of the membrane is exposed to pressurized air and the permeate side is swept by recycled CO 2 . This process produces oxygen diluted with recycled CO 2 as an oxidant for the combustion of fossil fuels, resulting in an exhaust gas mainly consisting of CO 2 and H 2 O, which is easy for CO 2 separation and capture without the need for the expensive post-combustion process [3] [4] [5] . Therefore, in the past two decades, the OPM-based oxy-fuel combustion technology has received increasing attention as a future energy conversion technology for CO 2 capture, storage and re-utilization [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Because the membranes need to be used in a CO 2 -rich atmosphere, it's critical for the membranes to possess high chemical stability in CO 2 -rich atmosphere.
Current ceramic OPMs can be categorized into single-phase and dual-phase membranes. Most of the single-phase OPMs are cobalt-containing perovskite oxides, which possess very high oxygen permeability but insufficient long-term thermo-chemical stability and mechanical strength [8] [9] [10] [11] [12] [18] [19] [20] . In contrast, the dual-phase membranes consisting of an oxygen ionic conductor and an electronic conductor, exhibit significantly lower oxygen permeability, but improved thermo-chemical stability which is essential for the application in oxy-fuel combustion process [13] [14] [15] [16] [17] [21] [22] [23] . Although the chemical stability is intrinsic and difficult to change, the flux is determined by many external factors such as membrane 4 thickness, microstructure, and surface modification. Therefore, one viable strategy to enhance oxygen flux is to use stable composite membranes with relatively low permeability and then improve the performance through optimization of membrane thickness and/or microstructure. Oxygen ionic conductor of doped ceria exhibits acceptable oxygen ionic conductivity and good chemical stability at the elevated temperatures [24] , while electronic conductor of strontium-substituted lanthanum manganite possesses high electronic conductivity and reasonable catalytic activity towards oxygen reduction (O 2 →2O
2-
). Besides, these two materials have similar sintering temperatures, excellent thermo-chemical compatibility, and have been proven to be potential candidate for oxygen production and oxy-fuel combustion applications [15, [25] [26] [27] . Therefore, in this study, Ce 0.9 Gd 0.1 O 1.95 (GDC) and (La 0.8 Sr 0.2 ) 0.95 MnO 3-δ (LSM) are chosen as the candidate materials to achieve highly stable oxygen permeable membranes for oxy-fuel combustion applications.
Oxygen permeation process involves surface oxygen exchange and bulk transport of oxygen ions and electrons in the membrane [28] . When the membrane is thick, the overall process is predominantly limited by the bulk diffusion and the oxygen permeation flux is inversely proportional to the thickness of the membrane according to the Wagner equation. In this case, reducing the thickness of the membrane will result in increased oxygen permeation flux, but this will also reduce its mechanical strength. To achieve both high flux and adequate mechanical strength, it is desirable to fabricate supported membranes with bilayer structure [12, [29] [30] [31] [32] [33] [34] [35] [36] : a thin dense layer supported on a thick porous layer to facilitate the oxygen permeation and provide mechanical support, respectively. This strategy has achieved certain success in traditional bilayer membranes with sponge-like porous supports, showing flux improvement of three to four times [37, 38] . This level of improvement is still much lower than the expected value (~30 based on the Wagner equation for the thickness change from 900 µm to 30 µm) because high tortuosity in the sponge-like porous support is not ideal for gas delivery. Although porosity can be increased by introducing pore formers as sacrificial phase [34] , the tortuous microstructures of the supports still limit gas transport flux. In order to further improve oxygen permeation 5 fluxes to meet industrial application targets, a novel and cost-effective method to fabricate the membrane support with lower tortuosity factor is urgently needed.
Recently, a freeze-drying tape-casting method, which combines tape-casting and freeze-drying process, has been developed as a unique technique to form membranes with oriented channels/pores, which have been applied in the fabrication of catalyst support structures, solid oxide fuel cells (SOFCs), and gas separation membranes [12, 29, [39] [40] [41] [42] [43] . Hierarchically porous support with low tortuosity factor facilitates gas delivery in the support, and is expected to significantly decrease the gas transport resistance in the bilayer membranes and thus dramatically enhance the membrane performance [12, 29] . It should be noted that surface oxygen exchange process becomes the rate-limiting step when the thickness of the dense layer is decreased to a certain value, and no significant increase in oxygen permeation flux will be achieved by further reducing the membrane thickness. On the other hand, surface oxygen exchange rate can be remarkably enhanced by introducing a catalyst layer onto the membrane surfaces with higher surface exchange coefficient (k chem ) [21, 36 44, 45] In this study, freeze-drying tape-casting, screen-printing, and co-sintering are combined to fabricate supported GDC-LSM dual-phase asymmetric membranes with a thick hierarchically porous substrate and a thin dense functional layer. In comparison, symmetric GDC-LSM membranes with the same total thickness are also fabricated using a traditional dry-pressing method. The 2 dimensional (2D) and 3D microstructure of the membranes was examined using the scanning electron microscope (SEM) and X-ray computed tomography (XCT). The effects of microstructure and surface modification on the oxygen flux were systematically investigated. The asymmetric GDC-LSM membranes show dramatically enhanced oxygen flux compared with symmetric counterpart, offering a simple and economic solution for the development of high-performance oxygen permeable membranes for oxy-fuel combustion application. Water-based GDC-LSM slurry was prepared with an ammonium polyacrylate dispersant (Darvan C-N, R.T. Vanderbilt Co., Inc., Norwalk, CT), a thickener (Vanzan, R.T. Vanderbilt Co., Inc., Norwalk, CT), and an acrylic latex emulsion binder system (Duramax HA-12, Rohm & Haas, Philadelphia, PA) [43] . The slurry was freeze-drying-tape-casted in an apparatus similar to that reported in Sofie's publication [40] . After being frozen for about 30 minutes, the GDC-LSM substrate was punched into pellets with a diameter of 20 mm. The pellets were frozen in a vacuum freeze dryer at -30 o C under 18 mTorr vacuum for one day. The pellets were first heated at 600 o C for 2 h to remove the polymer additives, and then heated at 1100 o C for 2 h in air to achieve sufficient mechanical strength for subsequent handling.
GDC-LSM film was coated on the pre-sintered GDC-LSM pellets by a screen-printing method and then co-sintered at 1500 o C for 10 h with a heating and cooling rate of 2 o Cmin -1 . For comparison, GDC-LSM symmetric membranes were also prepared using the conventional dry-pressing method under a pressure of 250
MPa and sintered in the same condition.
To study the effect of surface modification on the oxygen permeation flux, 
Characterization
The 2D microstructure of the GDC-LSM membranes was characterized using a SEM (Zeiss Ultra Plus FESEM, Germany) equipped with secondary electron (SE) and back-scattered electron (BSE) detectors, while the 3D microstructure of the GDC-LSM support was characterized using X-ray microscopy (MicroXCT 400, Xradia Inc., USA) and analyzed by an in-house Matlab code.
The oxygen permeation flux was studied in a home-built high-temperature oxygen permeation setup, as schematically shown in Fig. 2 . A permeation cell was constructed by sealing the membranes to two Al 2 O 3 tubes using two glass rings (Schott 8252, Germany) at 1000 o C for 1 h. The side wall of the membrane was covered with glass paste to avoid radial contribution to the oxygen permeation flux. 8 The effective area of the membranes for oxygen permeation was 0.78 cm 2 , while the thickness of all the four membranes were 900 μm. Oxygen permeation tests were To further study the GDC-LSM support microstructure quantitatively, a 3D microstructure has been reconstructed by directly stacking the raw X-ray gray images 11 along the x-axis in sequence. The interval step between images is 4.53μm, the same as the resolution of the images. Fig. 4A and 4B show the results of the GDC-LSM substrate reconstructed from the bottom surface with small pores and top surface with macro-pores, respectively. As shown in Fig. 4A -B, the solid phase (GDC-LSM) appears blue, whilst pores (gas transport channels) show up green, and the pore size is calculated to be from ~5 to 200 μm with an average pore size of around 15.4 μm. The tortuosity factor is lower than 2.2, which is much smaller than that for those sponge-like porous substrates (with a tortuosity factor value of 4−10) [46] , indicating that the freeze-drying tape-casting method can be used to prepare asymmetric membranes with the hierarchically oriented pores to achieve small tortuous gradient along the z-axis (thickness direction) shown in Fig. 4C and provide sufficient catalytic reaction sites (GDC, LSM and gas triple phase boundaries) for surface oxygen exchange near the dense functional layer, which is beneficial for decreasing the gas transport resistance in the support, and thus increasing the oxygen permeation flux of the supported membranes. Therefore, in this study, the GDC-LSM support prepared using the freeze-drying tape-casting method is adopted to fabricate GDC-LSM (support)/GDC-LSM (functional layer) bilayer membranes.
Fig . 5 shows the microstructure of the asymmetric and symmetric GDC-LSM membranes (OPM-1 and OPM-3, respectively). Fig. 5A -a show the cross-section of the sintered membranes along the thickness direction. The thickness of both membranes is about 900 μm. OPM-1 membrane has an asymmetric bilayer structure (Fig. 5A) . The thickness of the porous top layer is ~870 μm, while the dense bottom layer is ~30μm . The top porous support of OPM-1 contains large oriented pores which penetrate through the entire support with a porosity of 41.6% calculated from the XCT raw images (Fig. 4C ) and the reconstructed 3D images in Fig. 4A -B, and the bottom layer (GDC-LSM film) is almost free of pores (Fig. 5B) , demonstrating that the combined freeze-drying tape-casting and screen-printing method is an efficient way to prepare this bilayer asymmetric membrane with thin dense film. In contrast, the OPM-3 membrane possesses a dense symmetric structure (Fig. 5a ) with a relative density higher than 95% (measured by the Archimedes method in water), which is 12 also confirmed by SEM-BSE images of the membrane surface (Fig. 5b-c) . Therefore, OPM-3 membrane is dense enough for oxygen permeation measurement. In the BSE images of the dense functional layer of the sintered membranes as shown in Fig. 5C (OPM-1) and Fig. 5c (OPM-3) , GDC and LSM phases appear bright and gray, respectively, while pores are dark. The grain sizes of GDC and LSM phases are found to vary from 1-4 μm and 1-3 μm, respectively. In this study, to further enhance the oxygen permeation flux, a porous SDC-LSCF layer, serving as surface oxygen exchange catalyst, was printed onto the permeate side surface of OPM-1 and OPM-3 via the screen-printing method to obtain modified membranes (denoted as OPM-2 and OPM-4, respectively). Fig. 6 shows the typical cross-sectional SEM-BSE images of the modified membranes, and ~20-μm-thick SDC-LSCF layer was successfully coated onto the sintered GDC-LSM membranes. To further explore the performance of the membranes for use in oxygen permeation, the dependence of oxygen permeation flux on helium flow rate is also investigated. Chemical stability in CO 2 -rich atmosphere is critical for an oxygen permeable membrane to be used for oxy-fuel combustion process. Therefore, the oxygen permeation properties of the GDC-LSM asymmetric membranes under air/CO 2 gradient are also evaluated to examine their applicability in the oxy-fuel combustion process. Fig 8A shows adversely affects the surface oxygen exchange process. The GDC-LSM dual-phase asymmetric membrane prepared by the freeze-drying tape-casting method consists of a thick hierarchically porous GDC-LSM support and a thin dense GDC-LSM functional layer, which is beneficial for bulk mass transport of oxygen ions and electrons. Moreover, the surface-modified asymmetric membrane possesses a porous support structure and surface modification layer, thus imposing less resistance to surface oxygen exchange. The combination of these two factors provides an explanation to the much larger flux of SDC-LSCF coated asymmetric OPM-2 than that of conventional symmetric membrane OPM-3 and OPM-4. The oxygen permeation flux is comparable to that of a 1.0-mm-thick asymmetric cobalt-containing GDC-LSCF membrane [48] and the 0.2-mm-thick SDC-LSM hollow fiber [15] prepared using the phase-inversion method, indicating that the combined freeze-drying-tape-casting and screen-printing method is an effective way to fabricate high-performance oxygen permeable membranes. It should be noted that the oxygen permeation flux through the asymmetric GDC-LSM dual-phase membrane is almost an order of magnitude lower than that of asymmetric LSCF membrane prepared by the same method [12, 60] (as listed in Table 1 ), but it is expected when taking into account the difference in the oxygen ion and electron transport properties between these two membranes. In the future, cobalt-containing or iron-containing dual-phase oxygen permeable membranes with higher oxygen permeation flux and 18 acceptable thermo-chemical stability, as listed in Table 1 , will be made into asymmetric geometry to achieve higher flux to meet the requirement of pure oxygen production and oxy-fuel combustion application. [53] LSCF Disk 1 1.0 900 0.20 [54] LSCF Disk 1 0.8 950 900
0.81 0.53 [12] Ce sponge-like porous support. The presence of hierarchically oriented pores exposed to air can facilitate gas transport in the support while the surface modification layer on the permeate side can accelerate surface oxygen exchange process and thus significantly enhancing the overall oxygen permeation flux. The novel hierarchically porous support layer obtained from the freeze-drying tape-casting shows unique advantage in the development of high-performance dual-phase oxygen permeable membrane for oxygen production and oxy-fuel combustion application.
